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Abstract 

One of the future goals of the LHC is to precisely measure the properties of Higgs boson. The associated 
production of Higgs boson and the top quark pair is a promising process to investigate the related Yukawa 
interaction and the properties of Higgs. Compared with the pure scalar sector in the Standard Model, the 
Higgs sector contains both scalar and pseudoscalar in many new physics models, which makes the ttH 
interaction more complex and provides a variety of phenomena. To investigate the ttH interaction and the 
properties of Higgs, we study the top quark spin correlation observables at the LHC. 
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I. INTRODUCTION 


The discovery of Higgs boson, confirmed by the ATLAS and CMS experiments at the LHC yj, 
Q], provides the forceful evidence for the Brout-Englert-Higgs mechanism in the Standard Model 
(SM). The impressive accurate experimental results not only support the success of the SM but 
also push the theoretical predictions forward to a higher accuracy. Except for the mass and spin, 
other properties of Higgs boson should be clear to achieve the completeness of the SM. It is 
well known that the masses of fermion are extracted from the related Yukawa interactions, which 
offer the opportunity to study the interaction of Higgs boson and fermions. Due to the large quark 
mass, the Yukawa coupling of tiH is order of one. Therefore a large number of phenomena can 
be studied in the Higgs boson production associated with the top quark pair. 


The precise measurements on the Higgs sector are indispensable for the understanding of 
the origin of electroweak symmetry breaking. Eatest results on the Higgs mass as well as the 
spin and parity P-la are reported by the ATEAS and CMS collaborations. At the same time 
the couplings of Higgs boson are consistent with the predictions in the SM [|4|, LTD. However, it 
is possible for the observed Higgs boson to be one scalar sector in the other physics models. 


such as the Two Higgs Doublet Models 


8 41011 . the Minimal Supersymmetric Models 111iMlSll 


m 


and the Eeft-right symmetric Models Ill4l4l8ll . etc. Top quark, as the known heaviest quark, 
is expected to decay before hadronization for its short life time. Hence, its spin property can 
be transferred to its deca y p roducts. The spin effects of tt production have been studied at 


the hadron colliders 


new interactions [129 


19 


2811 . It is found that the top quark spin effects are sensitive to the 


3 ih . Investigating the ttH production is helpful to discriminate the Higgs 


boson among various models. The leading-order and the next-leading-order ttH cross section 
predictions have been accomplished in the literatures 1132143 8ll . Both the ATEAS and CMS 
experiments have performed the measurement on the ttH production with H bh at ^[S 


8 TeV 1139, 


4011 . Some phenomena on ttH interaction have been studied in 1141144611 . The 


reconstruction of ttH signal and the corresponding backgrounds analysis have been studied in 


details 1147 . 


4811 . The CP-properties of ttH interaction play an important roles in the understanding 


of Yukawa interaction, which can be probed through the Higgs production in association with the 
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top quark pair at the LHC ll49l - l52ll . Besides the topics discussed in the previous works, in this 


paper we concentrate on the spin observables with different Higgs mass for scalar. Then we 
discuss systematically the spin observables for the scalar, pseudoscalar and mixing Higgs in ttH 
production at the LHC. Additionally, we also simply investigate the corresponding background 
processes for our signal process pp ttH bbl^tvivi + bb. These results both at LHC 13 TeV 
and 33TeV can help to study the Higgs properties. 

This paper is organized as follows. The ttH interactions in the SM and the Two Higgs 
Doublet Models are reviewed in Section II, together with the brief introduction of top quark 
spin correlations. After that the ttH production at the LHC and the corresponding observables 
are analyzed in Section III. Finally, a short summary is given. 


II. THE ttH INTERACTION AND THE TOP QUARK SPIN EEEECTS 


In the SM, the scalar sector includes one SU(2) doublet. After spontaneous symmetry break¬ 
ing, the Higgs boson couples to the top quark in the formula of 


tn 

ZmiSM) =- ‘-ttH, 

V 


( 1 ) 


where is the top quark mass and v is the vacuum expectation value of Higgs. Naturally, this 
interaction is CP-even under CP transformation. 

Compared with the single SU(2) doublet in the SM, it includes an additional SU(2) doublet in 
the two-Higgs-Doublet Model for the scalar sector. It means there are two vacuum expectation 
values, vi and V 2 . Therefore, one generalized representation for the scalar doublet is 




0 , 


(v« + Pff + V2 


(or = 1,2), 


( 2 ) 


with vi = vcoSjS and V 2 = vsin^S and Pa and rja are the scalar fields. After the spontaneous 
symmetry breaking, there remain five physical Higgs particles: two CP-even Hi and H 2 bosons, 
one CP-odd A boson, and two charged H- bosons. Naturally, the light neutral Higgs Hi could be 
regard as the SM Higgs boson. Following that the Yukawa coupling for the neutral Higgs bosons 
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can be obtained from the Lagrangian 


-^ffH = - Yj ~(4i//^i + - i^fysfA), (3) 

f=u4,l ^ 

where it brings three types of Yukawa interaction for the SM-like Higgs, the heavy Higgs and 
the pseudoscalar Higgs. Hence, the ttH interaction gets more complicated and leads to different 
properties for the production. 

For the top quark lifetime is extremely short, it decays without hadronization. Thus the decay 
production becomes important to analyze the top quark spin information. Defining the angle of 
decay particle’s (/’s) moving direction with the top quark spin polarization direction as 6, one 
can obtain the distribution of the decay production in the formula of 

dcr 1 / \ 

= (4) 

where p is the polarization degree, c/ is the spin-analyzer power of /, and / can be T, v, W'^, q, 
q. In the SM, the tree level result shows that ci* = Q = 1, Cy = c„ = -0.3, and Cb = Cw+ = -0.39. 
Thus the charged lepton and the down type light quark are the best spin analyzers. 

In the top quark pair production, the spin correlation is related to the final charged lepton. 
According to the spin correlation, the spin asymmetry of manifests in the decay particle double 
distribution 


-= -(1 -I- Ai cos 01 -I- A 2 cos 02 - A 3 cos 01 cos 02) , (5) 

cr d cos 0id cos 02 4 

where cr denotes the cross section of the respective reaction. Here 0i (@ 2 ) is the angle between 
the direction of flight of the lepton or jet ji {i or J 2 ) from t (J) decay in the t (t) rest frame 
and various polarization directions. The coefficient Ai(A 2 ) reflects the single spin effects in tt 
production and A 3 is a measure of tt spin correlations. The polarization and the spin correlation 
provides important information on the dynamics of the top quark. The similar distributions of 
ttH production at the hadron colliders can be obtained, which support to investigate the spin 
effects in ttH production at the LHC. 





FIG. 1. The Feynman diagrams for ttH production at the leading order QCD. 


III. THE PHENOMENOLOGY OE ttH PRODUCTION AT THE LHC 


At the proton-proton colliders the ttH is produced via the quark annihilation and the gluon 
fusion processes, which are displayed in Fig. [U at the leading order QCD. Due to the charged 
lepton is a good trigger for the detector at the proton-proton collider (e.g. LHC), we investigate 
the ttH production process with both top quarks leptonic decay, 

pp ttH bHvhrvH, (/ = e,/i). (6) 

One can notice that the ttH interaction is different for scalar and pseudoscalar Higgs from 
equation ([3]). In the follows, we respectively study the tt production in association with light 
Higgs (SM-Higgs), Heavy Higgs and scalar-pseudoscalar mixing Higgs. The top quark mass is 
set at 173.2 GeV and the SM-Higgs mass is at 125 GeV for the numerical results. 


A. The SM-Higgs production associated with tt 

The cross section corresponding to process (lH) with different center-of-mass energy at the 
proton-proton collider is plotted in Fig.[2l The event number for ttH production with leptonic top 
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FIG. 2. The cross section for process ([h]) with respect to the center-of-mass energy for SM-Higgs. 


quark decay is about 5000 (17000) at LHC 13 TeV with the integrated luminosity of 300(1000) 
fb“*, which can be up to 20000 (150000) at LHC 14 (33) TeV with a integrated luminosity of 


1000 fb ^ It refers f 


order calculations 1134143 811 . 


lat the cross section can be tuned by a K-factor of 1.2-1.5 from the high 


According to equation ([5]), the coupling of ttH is related to the distribution of the final state 
leptons decayed from the (anti-)top quark. Based on the tt spin correlations, the observables 
related to the ttH interaction can be defined as 


6 >i = §+ • q-, 

O2 = iq+ ■ kt){q- • h), 

O3 = {q+ • P){q- ■ P), 

O 4 = (kt - kr) ■ (q+ x q.). 

where q+ (§_) is the unit vector of ^ (l~) moving direction in the top quark rest frame, k, {kp is the 
unit vector of t (t) moving direction in the ttH rest frame, and p is the unit vector of ttH system 
moving direction in the pp rest frame. Obviously, O 4 is a parity violated observable which is 
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sensitive to the parity violated interaetions. It is proportional to the interference term between 
scalar and pseudoscalar components. Therefore it will disappear for the pure scalar or the pure 
pseudoscalar Higgs. 

For the numerical results, we define the expectation value of the operator as 


< O: >-- 


f Oidcr 
fdcr ’ 


(f= 1,2,3,4), 


(7) 


where cr is the cross section of process dH). In Table U we display the observables with the 
collision energy of 13 TeV and 33 TeV at the LHC. One can notice that the gluon fusion and quark 
pair annihilation subprocesses contribute opposite sign for the observables in the ttH production, 
which is the same as in the tt production [l23n . 


13 TeV 

33 TeV 

A 

rn 

0 

V 

A 

(N 

0 

V 

A 

0 

V 

< 0 i > < O 2 > < O 3 > 

qq -0.0354 0.0077 -0.0362 

-0.0167 0.0035 -0.0169 

gg 0.0861 -0.0304 0.0172 

0.0979 -0.0365 0.0177 

total 0.0507 -0.0227 -0.0190 

0.0812 -0.0330 0.0008 


TABLE I. Observables at the LHC 13 TeV and 33 TeV for mn = 125 GeV. 


B. The Heavy Higgs production associated with tt 

It is possible for a scalar heavy Higgs production associated with the top quark pair. From 
the Lagrangian of dS]), it can be found that the form of the heavy Higgs boson coupling to the top 
quark is the same as the Higgs boson in the SM. On the condition of = 1, the cross sections 
of process dll) with respect to different Higgs masses are displayed in Fig. [ 3 l The heavy Higgs 
properties can be investigated at a high collision energy or with a high luminosity. 

We display the contributions from the gg and qq subprocesses for < 0\ >, < 02> and < O 3 > 
with respect to various Higgs mass at LHC 13 TeV in Fig. [41 One can notice that for < 0\ > and 
< O 3 > the contributions of these two subprocesses have different sign. While for < O 2 >, when 
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FIG. 3. The cross sections for process ® with respect to the center-of-mass energy for different scalar 
Higgs masses. 


13 TeV 

33 TeV 

< 0i > < O 2 > < O 3 > 

< 0i > < O 2 > < O 3 > 

qq -0.0183 -0.0058 -0.0195 

-0.0059 -0.0024 -0.0064 

gg 0.0036 -0.0054 0.0267 

0.0090 -0.0077 0.0227 

total -0.0147 -0.0112 0.0072 

0.0031 -0.0101 0.0163 


TABLE II. Observables at the LHC 13 TeV and 33 TeV for mn - 500 GeV. 


the mass of Higgs is larger than 250 GeV, they have the same sign. So the spin observables are 
related to the Higgs mass. As an example, we list the results of the spin observables in Table HU 
with the Higgs mass of 500 GeV at the LHC 13 TeV and 33 TeV. 
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FIG. 4. The observables of process ® at 13 TeV LHC with respect to the mass of Higgs boson. 

C. The scalar-pseudoscalar mixing Higgs production associated with tt 

A toy model can be used to illustrate the CP properties of Higgs boson. Supposing that the 
light CP-even and CP-odd Higgs bosons are mass degeneracy in the Two Higgs Doublet Models, 
One can write the interaction between the light Higgs and top quark pair in a general formula as 
the follows, 

-CttH = -—( 4 , - ieMttH, ( 8 ) 

V 

where = cos or/ sin^S and = cotjS with a the mixing angle of the scalar fields. For our 
numerical results we choose the corresponding values of a and yS as in Table ITm and mh =125 
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FIG. 5. The cross sections for process ([6ll with the center-of-mass energy and the Higgs mass 125 GeV. 


GeV as an example, or = 0 and [5 = n/l eorresponds to the SM-Higgs, and a = n/l and jS = : 7 r /4 
stands for the pseudoscalar Higgs (A). The other two cases stand for the scalar-pseudoscalar 
mixing Higgs. The corresponding cross sections of process (lH) at the hadron collider are dis¬ 
played in Fig. [5] with different ttH couplings. The observables corresponding to process dH) at 
the LHC are listed in Table ITVl and IVl for the collision energy of 13 and 33 TeV. The values of 
these observables are different in the scalar, pseudoscalar and scalar-pseudoscalar mixing Higgs 
production. The gluon fusion and the quark pair annihilation subprocesses contribute the same 
sign for the observables < O 2 > and < O 3 > from pseudoscalar Higgs production, which differs 
from the scalar Higgs production. It is found that < 6)4 > is a characteristic quantity to distinguish 
the scalar-pseudoscalar mixing Higgs from the pure scalar and the pseudoscalar Higgs. So the 
precision measurement of these observables will be helpful to study the ttH interaction and the 
properties of Higgs. 
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a 

0 

n/2 

7r/4 

nj’i 

P 

n/l 

njA 

nIA 

njb 


1 

0 

1 

1 

4 

0 

1 

1 

V3 


TABLE III. Parameters set in the numerical calculations. 


a P qq gg 

total 

a P qq gg total 

nil nIA -0.0037 0.0092 0.0055 

nil nIA -0.0089 -0.0436 -0.0525 

njA nIA -0.0267 0.0650 0.0383 

7r/4 nIA 0.0031 -0.0340 -0.0309 

nil nib -0.0185 0.0451 0.0266 

nil nib -0.0012 -0.0374 -0.0386 

(a) <Ox> 


(b) <02> 

a P qq gg 

total 

a P qq gg total 

nil nIA 0.0025 0.0138 

0.0163 

nil nIA 0 0 0 

nIA nIA -0.0253 0.0160 

-0.0093 

7r/4 7r/4 -0.0104 0.0437 0.0333 

nil nib -0.0153 0.0153 

0 

nil nib -0.0116 0.0484 0.0368 

(c) < 03 > 


(d) < O 4 > 


TABLE IV. Observables at the LHC 13 TeV for the mass of Higgs 125 GeV. 

D. The signal and backgrounds at the LHC 

To get an idea of the sensitivity one absolutely needs to include backgrounds. For the signal 
of pp ttH bhrtvivi + bb, the detector signal for our investigated process will be two 
leptons, four b-jets and missing energy. The main backgrounds with the same collider signal are 

PP ftjj 

pp ^ ttbb (9) 

pp ^ ttZ ttbb. 
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a P qq gg total 
7t/2 nIA -0.0013 0.0097 0.0084 
;r/4 njA -0.0114 0.0674 0.0560 
;r/3 nl6 -0.0073 0.0439 0.0366 
(a) < Oi > 


a P qq gg total 
7t/2 nIA 0.0010 0.0127 0.0137 
;r/4 nIA -0.0107 0.0159 0.0052 
7r/3 7r/6 -0.0060 0.0146 0.0086 
(c) < O 3 > 


a P qq gg total 
7r/2 njA -0.0035 -0.0445 -0.0480 
7r/4;r/4 0.0011 -0.0392 -0.0381 
7r/3 nje -0.0008 -0.0414 -0.0422 
(b) < O 2 > 


a P qq gg total 

7r/2 ;r/4 0 0 0 

njA nIA -0.0045 0.0498 0.0453 
7r/3 nl6 -0.0046 0.0510 0.0464 
(d) < O 4 > 


TABLE V. Observables at the LHC 33 TeV for the mass of Higgs 125 GeV. 


where j stands for the light jet. Aeeording to the analysis in referenee 115311 . the top quark ean 
be reeonstrueted by solving the kinematie equations obtained when imposing energy-momentum 
eonservation at each of the decay vertices of the process. From the leptonic decay channel, the 
top quark reconstruction efficiency can be up to 80%. The reconstruction details can be found 


in [|48ll. 


( 10 ) 


For the aim of highlighting the signal process from the backgrounds, we set the kinematics 
cuts as 

' Ft > 20 GeV 
lyl < 3.0 

where the Pj is the transverse momentum of the charge leptons and the b-jets, and y is the 
corresponding rapidity. The differences of the signal and the background processes are mostly 
from the two jets which do not derive from the top quarks, thus we adopt the invariant mass of 
these two jets which is close to the Higgs mass, i.e.. 


\Mjj-MH\ < O.IMh. 


( 11 ) 


We simulated the backgrounds processes by the MADGRAPH programs 11541] . where a sets of 
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acceptant cuts are adopted. The results are summarized in Table |Vll One ean notice that the 
baekgrounds are more tremendous than the signal proeess before euts, while the three orders of 
magnitude gaps are disappear after the euts. For the SM-like Higgs boson produetion at LHC 13 
TeV, the signifieanee ean be up to S/5 = 0.3 and S/ Vs =10.1 for the integrated luminosity of 
300//?"'. When the eollision energy is up to 33 TeV, the heavy Higgs with a mass of 500 GeV 
ean be deteeted with a signifieanee of S/5 = 0.07 and S / V5 = 5.79 for the integrated luminosity 
of 1000/r'. 


V5 

niH (GeV) 

before cut 

after cut 

signal 

backgrounds 

signal 

backgrounds 

SIB 

S/V5 

13 TeV 

125 

2.05 

8039.7 

1.14 

3.81 

0.30 

10.1 

500 

0.051 

0.031 

0.43 

0.07 

0.82 

33 TeV 

125 

18.02 

1.24 X 10^ 

9.86 

44.2 

0.22 

46.9 

500 

0.65 

0.49 

7.16 

0.07 

5.79 


TABLE VI. Summary of the cross sections for the signal and background processes at the LHC 13 TeV 
and 33 TeV before and after cuts. The significances are fisted in the fast two rows. 


IV. SUMMARY 

A large number of Higgs events will be aeeumulated at the LHC, and the properties of Higgs 
boson should be addressed. In the SM, one CP-even Higgs boson is assumed via the simplest 
sealar doublet, whieh has been naturally extended in the new physies models, sueh as the Two 
Higgs Doublet Models. The phenomenology of Higgs seetor is extremely rieh, sinee it eontains 
more than one Higgs. The interaetions of Higgs boson eoupling to other partieles are more 
eomplex than those in the SM. Therefore, to diseriminate the new physies models, it is important 
to study the properties of Higgs. For this aim, in this paper we study the ttH produetion and its 
related spin effeets at the LHC. The top quark spin eorrelation, refleeted by the motion of the 
partieles deeaying from the top quark pair, is related to the dynamies of ttH produetion. These 
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spin correlations are related to the eouplings of the ttH interaction and the Higgs mass. To study 
these spin effeets, we adopt the observables < O, > (i = 1,2,3,4) to investigate the properties 
of the sealar, pseudosealar and sealar-pseudoscalar mixing Higgs in the ttH production. With 
the large statistie of ttH events at the LHC, the Higgs properties ean be elarified so that the new 
physics models can be diseriminated. 
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